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Abstract
Ex situ MgB2 is usually considered as with lower critical current density (Jc) compared to the in situ one due to much
worse inter-granular connectivity. In this work, we reported the fabrication of ex situ MgB2 superconducting tape without
dopants using Monel as sheath materials and Nb as the barrier, which has an excellent Jc of 705 A/mm2 at 4.2 K under
4 T, almost as same as the in situ MgB2 wires. Massive and high-quality precursor powders with small grain sizes and quite
low oxygen content were sintered at relatively low temperature and short time, 580 ◦C for 3 h. The effects of heat-treatment
conditions and tape thickness on the microstructure and Jc of ex situ MgB2 tapes were discussed. The results suggested that
the improvement of grains-connectivity was responsible to the excellent Jc properties of ex situ MgB2 tape.
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1 Introduction

MgB2 superconductor (Tc = 39 K) has quite low raw cost,
easy fabrication, and high current-carrying ability. It is very
attractive to the superconducting magnet application in the
field of helium-free magnetic resonance imaging (MRI),
MW-grade wind turbine, and liquid helium (LHe) or liquid
H2-cooling DC superconducting cables for high-energy
particle (HEP) accelerator and magnetic confinement fusion
reactor (CFETR) [1].
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As it is well known, practical MgB2 superconducting
wires and tapes are made by the in situ and ex situ powder-
in tube (PIT) ways. Due to well grains connectivity, the in
situ MgB2 wire normally has much better critical current
density (Jc) than the ex situ one, which is always thought
to be favorable due to their engineering application. But in
fact, the in situ method is against the processing of several
kilometer-length MgB2 superconducting wires because of
the remarkable difference between the particle sizes of
Mg and Boron powders. In contrast, by utilizing very fine
and uniform MgB2 precursor powders, combing with high
strength and easily deformed sheath materials, like Ni and
Monel alloy, the drawing process of kilometer-grade ex situ
MgB2 strand is much easier. But unfortunately, it is well
known that now the application of ex situ MgB2 wire and
tape is still limited by their worse grains connectivity, which
results in their very poor in-field critical current density (Jc)
performance [2, 3].

In order to improve the grains-connectivity of ex situ
MgB2 wire and tape, many efforts have been performed,
such as reducing MgO impurities in grains-boundary,
enhancing their grains-coupling by high-temperature post-
annealing [2–4]. Nakane et al. reported the improvement of
the grains-connectivity and Jc properties of ex situ tape by
using the precursor powders obtained from the in situ tapes
[5]. By this method, they got the ex situ MgB2 tapes samples
with very excellent in-field Jc properties. This approach,
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Fig. 1 MgB2 bulks sintered at 580 ◦C for 3 h, which will be ground
into the powders at the glove box

however, is only useful to make a very small amount of
precursor powders in the laboratory scale. It is not enough
for the production of engineering long wires. Therefore, the
preparation of high-quality and mass precursor powders is
significant to the large-scale application of ex situ MgB2

superconducting wires and tapes.
In this work, we report the preparation process of mass

and high-quality MgB2 precursor powders as well as MgB2

tapes with very high critical current density. By using these
powders, high critical current density ex situ MgB2 tapes
have been made. The effects of the tape thickness and post
annealing conditions on Jc of MgB2 superconducting tapes
are also discussed.

2 Experimental Details

In order to prepare MgB2 precursor powders, Mg
(325 mesh, 99% purity) and B (about 250 nm, 97 ∼ 99%
purity, PAVEZYUM) powders were mixed with the atomic
ratio of 1:2, milled for 1 h; then, these mixtures were filled

into an Al2O3 tube with diameter of 25 mm. After the two
ends of the tube are sealed by using Nb foil (Fig. 1), the
sealed Al2O3 tube were put into the furnace and sintered at
580 ◦C for 3 h under a flowing Ar atmosphere. By the above
process, bulk MgB2 superconductors have been obtained
as shown in Fig. 1. Small amounts of white MgO impuri-
ties around bulk MgB2 were visible. After removing these
MgO, the MgB2 bulks were crushed and ground into fine
MgB2 powders in the glove box. In this way, mass pre-
cursor powders with high quality could be easily obtained.
Then, these MgB2 powders were filled into Nb barrier tube
with Monel sheath under Ar atmosphere. After that, the
Monel/Nb/MgB2 composites were drawn up to a diame-
ter of 2.0 mm, and then rolled into the tapes with different
thickness, as shown in Fig. 2.

For the sheath material of ex situ MgB2 wires and tapes,
many groups use the Ni matrix without any barrier layer,
such as Columbus Company. Benefit of the high strength
of Ni tube, Ni matrix MgB2 wires and tapes have very
well drawing properties, and consequently, the Ni/MgB2

can have much large cold-deformation ratio as well as
the tube with a little large diameter could be used. But
the disadvantages of Ni matrix MgB2 are that the Ni is
ferromagnetic material, which is not favorable to the design
of superconducting magnet, and also, the Ni will react
with MgB2 during the annealing process [6]. Therefore,
in the work, we used Monel as sheath materials and Nb
as the barrier. At last, the final heat treatment (HT) for
these tapes was used to enhance the grains-connectivity of
MgB2 superconductor. For the final heat-treatment of ex situ
MgB2 tapes, there are some different opinions. Nakane et
al. used a quite low temperature treatment at about 600 ◦C
for 1 h [5], but the others use a sintering temperature up
to 900 ∼ 920 ◦C for quite short time [7]. Therefore, in
this work, we used various heat-treatment conditions from
600 to 900 ◦C with different duration time. The effects of
final HT conditions on superconducting properties of MgB2

tapes will be discussed. Two HT conditions were used in
this work. One is furnace heating and cooling (FHC) with

Fig. 2 Cross-sectional
metallographic pictures for ex
situ Monel/Nb/MgB2 tapes with
different thickness
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Fig. 3 XRD pattern (a) and the
volume density of particle sizes
(b) for the MgB2 powders after
grinding

slow heating rate of 5 ◦C/min and cooling with furnace, and
the others was fast heating and air cooling (FHAC) with fast
heating rate of about 1000 ◦C/min and cooling in the air.

The crystal structure of MgB2 powders were analyzed
by x-ray diffraction (XRD, Philips X’Pert MRD) using
Cu K-radiation. The microstructure of MgB2 bulks and
their powders were investigated by field-emission scanning
electron microscopy (JEOL, JSM6501). The particle size
of MgB2 powder was measured by the laser particle
diameter analyzer (LA-350, Horiba). The magnetization
as a function of temperature (M − T ) under an applied
field of 20 Oe and a temperature range of 10 ∼ 45 K
with a zero-field cooling (ZFC) process were measured by
using the magnetic properties measurement system (MPMS,
Quantum Design). Transport critical current properties of
MgB2 superconducting tapes samples were detected by
using the standard four-terminal method under applied field
from 0 to 6 T. The definition criterion of Ic was 1 μV/cm.

3 Results and Discussion

Figure 3a shows the XRD pattern of MgB2 powders
prepared by grinding the MgB2 bulk, which was sintered at

quite a low temperature, at 580 ◦C for 3 h. Many groups
have verified that the solid-state reaction of Mg and B
started about 550 ◦C [8]. Our previous results presented
that for undoped MgB2 superconductor, the 580 ◦C for 3 h
was an optimal heat treatment condition for obtaining very
well critical current properties [9], due to the refined grains
size and consequently excellent flux-pinning properties. As
shown in Fig. 2a, the sample has a main MgB2 phase as
well as negligible Mg and MgO impurities. By the refined
calculation, the content of Mg is about 1.3% and MgO
is below 0.2%, meaning that the MgO impurity has been
strictly under control in this work. In contrast, for the normal
solid-state MgB2 bulks, the content of MgO is often up to
3–5% [8, 10].

Figure 3b presents the distribution of MgB2 particle
size after grinding. There are three peaks for these MgB2

powders. For most of the powders, the average grains
size is about 150 nm, meaning that precursor powders
with smaller grain size can be obtained by relatively low-
temperature and short-time sintering. Furthermore, such
small MgB2 particles size almost compares to the in situ
MgB2 superconducting wire and tape with optimal flux
pinning and Jc properties [11, 12]. It is worthy to point out
that the fine MgB2 precursor powders are very significant

Fig. 4 a Voltage-current (V -I )

curves at 4.2 K under applied
magnetic field of 4 and 6 T for
ex situ MgB2 tapes with
different thickness. b The
change of Jc with tape
thickness. These tapes were
heated at 600 ◦C for 1 h using
FHAC condition
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Fig. 5 Jc at 4.2 K under different magnetic fields for ex situ MgB2
tapes treated at different HT conditions with different thickness

to the industrial production of kilometer MgB2 long wires
and tapes, as the MgB2 powders are actually hard to be
deformed during the wire drawing process.

The critical current properties at 4.2 K under applied
magnetic field of 4 and 6 T for ex situ MgB2 tapes with
different thickness were shown in Fig. 4a, which are heat-

treated at 600 ◦C for 1 h using FHAC condition. The
critical current density, Jc, increases with the decrease of
tape thickness, shown in Fig. 4b. The higher Jc for the tape
with smaller thickness could be explained by the fact that
the density of superconducting core enhances with reducing
the tape thickness, as all the tapes were rolled from the
same-sized round wires, as well as the grain-connectivity of
MgB2 superconductor is improved. It is worth to note that
the Jc as function of the tape thickness curves both at 4
and 6 T are almost linear improvements with the decrease
of tape thickness, which furthermore certifies that theJc of
ex situ MgB2 tapes is closely related with the density of
superconducting core, as well as the grains-connectivity.

Figure 5 shows transportJc at 4.2 K under different
applied magnetic fields for ex situ MgB2 tapes treated at
FHAC and FHC conditions with different thickness. For the
thick tapes (thickness ≥ 0.52 mm), the Jc depending on the
applied magnetic field are almost the same for FHC and
FHAC tapes. For the thinnest tape with 0.46-mm thickness,
however, Jc for FHC tapes is higher than that for FHAC
tape. This means that the heat treatment conditions of FHC
and FHAC only affect the critical current when the tape
thickness is less than a certain value, as well as the core
density. For the 0.46-mm tape, the FAC sample has much
better Jc than the FHAC, which may be attributed that

Fig. 6 a V -I curves under
different magnetic field for ex
situ 0.46-mm-thickness MgB2
tape treated at different HT
conditions. b The in-field Jc
compare at 4.2 K between
FHAC 900 ◦C/20-min tape and
the in situ Cu/Nb barrier MgB2
wires [13]. c The temperature
dependence curve of magnetic
susceptibility for FHAC tape
with a heat treatment of 900 ◦C
for 20 min
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the FAC sample have much longer heating and cooling
duration time, and consequently, it has much better grains-
coupling. Therefore, it can be concluded that except the core
density of superconductor, for the ex situ MgB2 tape, the
heat treatment conditions are another important factor that
effects their Jc properties under the magnetic field.

Figure 6a, b show in-field Jc comparison for the ex situ
FHAC 900 ◦C/20-min tape and the in situ MgB2 wires. It
can be seen that the Jc values at 4.2 K under 4 and 6 T of ex
situ FHAC 900 ◦C/20-min tape reach 705 and 176 A/mm2,
respectively; and are almost as same as the in situ Cu matrix
MgB2 wires with Nb as the barrier. The Jc properties of
the in situ Cu matrix MgB2 superconducting wires were
reported by our previous work [13]. These results imply
that, in the ex situ FHAC sample, it has almost similar
grains-connectivity and flux pinning properties with the
in situ wire. Obviously, in this work, the achievement of
both the excellent grains-connectivity and flux pinning at
the ex situ tape is attributed by the high-quality precursor
powder, as well as the high-temperature and short time
sintering. Certainly, for these precursor powders, quite
low oxygen and very small grains size play a decisive
role. Figure 6c shows the temperature dependence curve
of magnetic susceptibility for FHAC 900 ◦C/20-min tape
under applied magnetic field of 20 Oe. It can be seen that its
onset critical transition temperature, Tc, reaches 37.6 K and
the width of superconducting transition, �Tc, is only about
2.5 K, implying the superconductor with very well quality
and without any dopant.

For furthermore clearing, the effects of heat treatment
conditions on the microstructure of ex situ MgB2 tape,
Fig. 7 shows the SEM pictures of the FHC 600 ◦C/1-
h and 900 ◦C/5-min samples with different magnification
factor. By comparing Fig. 7a, b to d, e, it can be easily
found that the tape with the 900 ◦C/5-min heat treatment
has more dense structure than the 600 ◦C/1-h tape. The
latter obviously presents many discrete and island structures
and many grooves at grains boundary. The microstructure
results of these two kinds of tapes are consistent with their
transport critical current properties, as shown in Fig. 6a. In
the meantime, the two tapes with 600 ◦C/1-h and 900 ◦C/5-
min heat treatment have very similar grains size, as shown
in Fig. 6c, f, although the 900 ◦C/5-min tape seems to be
a little higher crystallization for MgB2 grains. This result
suggests that by controlling the heating duration time, the
grain growing rate of ex situ MgB2 tapes could be kept in a
lower value.

4 Conclusions

In summary, we have prepared pure MgB2 tapes with very
excellent in-field Jc properties using Monel as the sheath
and Nb as the barrier by the ex situ way. At 4.2 K, the Jc
under applied magnetic field of 4 and 6 T are up to 705
and 176 A/mm2, respectively, which are almost as same as
the values for in situ MgB2 wire. The remarkable grains
connectivity and very fine grains size, derived by the high-

Fig. 7 SEM for ex situ MgB2 tape with same FHC heat treatments, but different sintering temperatures: a–c 600 ◦C for 1 h; d–f are 900 ◦C for
5 min
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quality precursor powder and appropriate heat treatment
condition, should be mainly responsible to its high in-
field Jc properties. This work is significant to the practical
engineering application of ex situ MgB2 superconducting
wires and tapes.
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